The functional identity of an olfactory receptor neuron is determined in part by its repertoire of responses to odorants. As an approach toward understanding the contributions of particular conductances to olfactory neuron excitability and odor discrimination, we have investigated the role of the putative cyclic nucleotide-modulated K ϩ channel subunit encoded by the ether a go-go (eag) gene in odorant responsiveness in Drosophila melanogaster. Four independent mutant eag alleles exhibited reduced antennal sensitivity to a subset of nine odorants, all having short aliphatic side chains: ethyl butyrate (EB), propionic acid, 2-butanone, and ethyl acetate. Significantly fewer eag antennal neurons responded to EB compared with control neurons; the proportion sensitive to 2-heptanone was similar to controls. Two aspects of the character of EB-induced excitability were affected by mutations in eag. First, fewer EB-induced inhibitory responses were observed in eag mutants, and second, fewer excitatory odorant responses dependent on extracellular Ca 2ϩ were observed. Furthermore, modulation of neuronal excitability by membrane-permeant cyclic nucleotide analogs was largely eag dependent. Focal application of high K ϩ saline to sensillae altered the excitability of the majority of neurons from wild-type but not eag antennae, suggesting that Eag may have a dendritic localization.
The ability to identif y and discriminate among odorants is important for the survival of many animal species and depends in part on the contributions of odorant-modulated conductances to sensory cell excitability. Diverse mechanisms contribute to the initial events underlying the transduction of odorants in primary olfactory receptor neurons from vertebrates and invertebrates (Dionne and Dubin, 1994; Ache and Z hainazarov, 1995; Buck, 1996) . In one mechanism, odorant binding to G-protein-coupled receptors expressed on the cilia and apical dendrites of sensory neurons activates adenylyl cyclase, which increases intracellular levels of the cyclic nucleotide (C N) cAM P (Pace et al., 1985; Breer et al., 1990; Buck and Axel, 1991; Firestein et al., 1991; Frings and Lindemann, 1991; Michel and Ache, 1992; Brunet et al., 1996) . The repertoire of intracellular effectors modulated by cAMP determines the effect of cAM P on cell excitability. CNs directly activate C N-gated nonselective cation channels (CNGC s) in vertebrates (Nakamura and Gold, 1987) and voltageinsensitive K ϩ channels in lobster (Michel and Ache, 1992; Hatt and Ache, 1994) , leading to excitation or inhibition of olfactory neurons, respectively. Mutations in invertebrate genes with homology to subunits of vertebrate C NGC s specifically disrupt olfactory processing of certain odorants in Caenorhabditis elegans (Coburn and Bargmann, 1996; Domatsu et al., 1996) , and a homologous ␣ subunit is expressed in Drosophila antennae (Baumann et al., 1994) ; however, there are no mutant Drosophila alleles available. CNs are important in Drosophila [e.g., learning and memory signaling pathways (Davis, 1996) ]; however, a role for these second messenger systems in Drosophila odor transduction has not been identified.
Recently a semi-intact antennal preparation from Drosophila has been described that appears to maintain the structural integrity of the main olfactory organ and is amenable to the study of single olfactory receptor neurons using extracellular electrophysiological recording techniques (Dubin and Harris, 1997) . Using this in situ preparation, responses to membrane-permeable CN analogs can be examined in both wild-type neurons and those carrying mutations that disrupt potential CN-regulated transduction pathways. The Drosophila voltage-activated K ϩ channel ether a go-go (eag) (Kaplan and Trout, 1969; Drysdale et al., 1991; Warmke et al., 1991) contains a consensus CN-binding site (Guy et al., 1991) . A number of independent mutations in eag appear to disrupt CN-dependent effects on K ϩ conductances in muscle (Zhong and Wu, 1993) . We tested whether eag was involved in olfactory processing. Here we demonstrate that Drosophila eag is important for the transduction of a subset of odorants. The proportion of antennal neurons sensitive to odors, exogenous CNs, high concentrations of K ϩ focally applied to sensillae, and extracellular Ca 2ϩ were reduced by mutations in eag, suggesting that Eag may be a component of the transduction machinery in some sensory neurons.
MATERIALS AND METHODS
Fl y stock s. All fly strains were grown on standard cornmeal -agar medium at ϳ21°C. w a In(1)sc29 (eag sc29 ), eag X6 stock (Df(1)eag X-6 /Y/X X, yf; Dp(1:2)eag X-6 /ϩ), and the mutant g eag hd15 sd f (eag hd15 ), and the revertants g eag hd15-Rev2 sd f (eag hd15-Rev2 ) and g eag hd15-Rev3 sd f (eag hd15-Rev3 ) were kindly provided by Dr. Barry Ganetzky (University of Wisconsin, Madison, W I), and eag 1 was obtained from the Bloomington Stock C enter (Bloomington, I N) . eag sc29 , eag 1 , and eag hd15 were maintained as homozygous stocks. The eag X6 stock is maintained over an attached-X chromosome: only males carry the mutated X chromosome, and females carry the attached-X chromosome that lacks the eag mutation and serve as autosomal background control for their mutant male siblings. T wo independently derived dysgenesis-induced revertants of eag hd15 served as background controls for the eag hd15 mutant. eag sc29 and eag X6 express truncated transcripts and are presumed to be f unctional nulls .
Electroantennogram recordings. A detailed description of the assay method has been described (Dubin et al., 1995) . Briefly, adult flies Ͻ1 week old were tested for extracellular electroantennogram responses to pure odorants (Fluka, Buchs, Switzerland) at the indicated dilutions in purified water. The odor solutions were made from concentrated (ϳ10 M) liquid stocks on the day of the experiment. Living flies were mounted in clay, and their heads were immobilized. A ground electrode was usually inserted into the thorax, and the recording electrode (tip diameter ϳ20 m) was pressed against the third antennal segment. Recording locations were restricted to the proximal anterior face of the third antennal segment (see Fig. 1, inset) . The peak of the smooth negative voltage deflection induced by odor application was measured. Propionic acid (Pro), ethyl butyrate (EB), ethyl acetate (EtAC), butyl acetate (ButAC), and benzaldehyde (BZ) were usually tested at a 10 Ϫ3 dilution; 2-butanone (2-BT), 2-heptanone (2-H EP T), butanol (BUT), and 1-octanol (OC T) were tested at 10 Ϫ2 . L ower concentrations of some of the odorants were also tested: EB (10 Ϫ6 Ϫ 10 Ϫ4 ), Pro (10 Ϫ8 Ϫ 10 Ϫ4 ), and OC T (10 Ϫ3 ). All experiments were performed at room temperature. E xtracellular recording technique f rom single neurons. Patch pipettes were used to record extracellular currents driven by action potentials in neurons in a semi-intact antennal preparation described previously (Dubin and Harris, 1997) , with a few exceptions. In the most recent method, antennae were mounted directly in periphery wax without the need for a coverslip. Antennae were perf used continuously with physiological saline (in mM: 130 NaC l, 2.5 KC l, 3 C aC l 2 , 1 MgC l 2 , 10 hemi Na-H EPES, 5 dextrose, and 5 Na-pyruvate, pH 7.4, 290 -295 mOsm). In C a 2ϩ exchange experiments, 3 mM Ca 2ϩ and C a 2ϩ -free T yrode's solution were used. The 3 mM Ca 2ϩ T yrode's solution contained (in mM): 130 NaC l, 4 KC l, 3 CaCl 2 , 1 MgC l 2 , 10 dextrose, and 10 H EPES, pH 7.4, 290 -295 mOsm. Ca 2ϩ -free T yrode's solution was identical to 3 mM Ca 2ϩ T yrode's solution, with the following modifications (in mM): 0 CaCl 2 , 4.2 MgC l 2 , and 1 EGTA (the free divalent concentration was 4 mM). A few experiments used C a 2ϩ -free T yrode's solution without increasing the Mg 2ϩ concentration, and similar results were observed (data not shown). The increase in spontaneous activity observed in C a 2ϩ -free salines containing the normal concentration of divalents is likely attributable to the inability of Mg 2ϩ to completely substitute for C a 2ϩ (Hille, 1992) . Free Ca 2ϩ and Mg 2ϩ concentrations were calculated using Chelator (Schoenmakers et al., 1992) . E xtracellular K ϩ concentrations were altered by substituting KC l for NaC l and combining K ϩ -free saline (in mM: 130 NaC l, 3 C aC l 2 , 1 MgC l 2 , 10 dextrose, and 10 hemi-Na H EPES) and 130 mM K ϩ saline (in mM: 130 KC l, 3 C aC l 2 , 1 MgC l 2 , 10 dextrose, and 10 hemi-Na H EPES) at the appropriate ratios. Osmolarities were determined experimentally using a Wescor 5500 vapor-pressure osmometer.
Recording electrodes fabricated from borosilicate capillary tubing (BF-100; Sutter Instruments) were fire-polished to have resistances of 10 -20 M⍀ when containing physiological saline. Current signals were sampled every 100 -200 sec, filtered (2 kHz) with an Axopatch-1C patch-clamp amplifier (Axon Instruments, Foster C ity, CA), and digitally recorded with an I TC -16 (Instrutech, Great Neck, N Y) and Macintosh Power PC 7100. Data were acquired using H EK A Pulse programs. Odorants were applied from nearby puffer pipettes (BF-100 glass) at the indicated dilutions in extracellular saline.
E xtracellular currents were recorded from single (and occasionally two) neurons when loose seal resistances were 50 -100 M⍀. The observed currents were biphasic, comprising a fast transient positive-going phase followed by a negative-going current, and were very similar to those described previously (Frings and Lindemann, 1991) . The duration of these transient currents was ϳ1 msec (the time from peak to trough under normal recording conditions). They likely represent mainly capacitative transients driven by action potentials because their time course could be altered by experimental manipulations (e.g., increased in low extracellular C a 2ϩ ). The pipette potential was fixed at 0 mV, and no attempt was made at voltage clamping the patch of membrane beneath the electrode tip.
Apparent spontaneous activity was determined during the time before application of the stimulus (usually 500 msec or 1 sec); the average of at least three trials was calculated. The action potential frequency (APF) during odor application was determined either as the number of action potentials per unit time (usually over a duration of 1 sec) after onset of tonic responses or as the weighted average of the phasic (the initial high frequency burst, if present) and tonic components after onset of phasictonic responses. The weighted average of a phasic -tonic response was assigned as ([(APF during the initial phasic response) ϫ time interval] ϩ [(APF during tonic response) ϫ time interval])/total time interval. Data are expressed as the fold increase (or decrease) in APF during exposure to the stimulus compared with the apparent spontaneous activity (APFstim /apparent spontaneous activity).
Statistical methods. The significance of the differences in percentages of responsive cells was determined using the 2 test and Yate's correction (Z ar, 1996) . Student's two-tailed t test was used to compare parameters obtained from different populations. Values with uncertainties are expressed as mean Ϯ SEM with the number of measurements indicated (n).
RESULTS

Mutations in eag caused decreased peripheral responsiveness to a subset of odorants
Initially, the response of large populations of antennal cells to a panel of single odorants was measured using electroantennogram recording techniques ( Fig. 1) (Dubin et al., 1995) . Drosophila is sensitive to a wide variety of volatile odorants produced in fermenting fruit, its natural food source, including organic acids, acetate esters, and alcohols. Peripheral sensitivity to four of nine tested odorants was reduced compared with controls in a P-element-induced mutant allele eag hd15 ( Fig. 1 A) , presumed null alleles of the eag locus [eag X6 and eag sc29 Warmke et al., 1991) ] (Fig. 1 B, C) , and an ethyl methanesulfonate (EMS)-induced allele [eag 1 (Lindsley and Zimm, 1992) ] (Fig.  1C) . Extracellular responses to low doses of the organic acid Pro, the ester EB, and the short-chain ketone 2-BT and acetate EtAC were significantly attenuated in mutant antennae with the rank order from most to least affected: EB ϳ Pro Ͼ 2-BT Ͼ EtAC. Sensitivity to two alcohols (BUT and OCT), an aldehyde (BZ), and a long-chain acetate (ButAC) and ketone (2-HEPT) were unaffected. All four alleles revealed similar qualitative and quantitative mutant phenotypes. The EtAC response obtained from eag sc29 was reduced compared with controls, but the difference was not significant.
Two lines of evidence indicate that defects in the eag gene are responsible for the observed mutant olfactory phenotype. First, four independent alleles with different genetic backgrounds (eag X6 , eag sc29 , eag 1 , and eag hd15 ) (Fig. 1 ) have similar mutant olfactory phenotypes. In particular, eag hd15 was significantly different from P-element excision revertants with identical genetic backgrounds (Fig. 1 A) . Second, the mutant olfactory phenotype is observed in female eag X6 /eag sc29 heterozygotes (data not shown). The mutation conferring the olfactory phenotype is recessive; female heterozygotes (eag sc29 /ϩ, eag X6 /ϩ, and eag 1 /ϩ) do not reveal an olfactory mutant phenotype (data not shown).
"Loose seal" extracellular recordings revealed fewer EB-sensitive neurons in eag mutants rather than a decreased responsiveness of all sensitive cells
Extracellular loose seal recordings were used to determine the apparent spontaneous activity and sensitivity to odors and CNs of individual eag mutant and wild-type control antennal neurons (Dubin and Harris, 1997) . The antenna lumen as well as the sensillae, which contain the dendrites of olfactory neurons, were exposed to a low K ϩ , Ca 2ϩ -containing extracellular physiological saline. Histograms of apparent spontaneous activity appeared normally distributed in both wild-type and eag neurons (data not shown). With the exception of eag X6 mutant males, there were no significant differences in apparent spontaneous activity between eag and control neurons (spikes per second): controls, g eag hd15-Rev3 sd f, 2.9 Ϯ 0.3 (n ϭ 30); C S, 3.0 Ϯ 0.1 (n ϭ 255); female controls from the eag X6 stock, 3.0 Ϯ 0.2 (n ϭ 81); eag
X6 mutant males and control females is likely attributable to genetic background differences present on the sex chromosomes (see Materials and Methods) because no differences were observed between mutant eag hd15 and control eag hd15-Rev3 neurons. EB modulated cell excitability in a dose-dependent manner. At low concentrations (10 Ϫ10 and 10 Ϫ8 dilutions), only 20% (n ϭ 15) and 40% (n ϭ 16), respectively, of control antennal neurons responded, whereas half were sensitive at 10 Ϫ6 and 10 Ϫ4 dilutions (Figs. 2, 3) . The magnitudes of the responses were 22 Ϯ 10% (n ϭ 11; 10 Ϫ10 ) and 65 Ϯ 14% (n ϭ 7; 10 Ϫ8 ) of the response to 10 Ϫ6 EB elicited from the same cell. Sensitive neurons could be observed in all regions of the third antennal segment (data not shown). At a nonphysiologically high EB concentration (10 Ϫ1 dilution; data not shown), nearly all cells responded, indicating a nonspecific effect at these higher doses. EB (10 Ϫ10 through 10 Ϫ4 dilutions) and 2-H EP T (10 Ϫ6 dilution) elicited excitatory, inhibitory, or no response from control and eag neurons (Fig. 2 , Table  1 ). The majority of sensitive cells appeared to be excited by EB (Fig. 3, solid bars) ; the proportion of sensitive wild-type neurons inhibited by EB was ϳ20 -30% (Fig. 3, hatched bars) .
In the four eag alleles studied, fewer neurons were sensitive to EB compared with controls. There were 56 and 25% fewer responsive cells in eag antennae (data were combined for all alleles) compared with control (combined) antennae at 10 Ϫ6 ( p Ͻ 0.005) and 10 Ϫ4 EB, respectively (Fig. 3 , Table 1 ). Interestingly, fewer inhibitory as well as fewer excitatory responses were observed in eag alleles (Fig. 3) . However, the magnitude and character of EB-induced responses from eag neurons that were sensitive to EB were similar to controls (Table 1) . We tested whether EB-induced responses required odorant access to outer dendrites by occluding sensillar pores with wax (Dubin and Harris, 1997) . Only 9% (1 of 11) of wild-type neurons in waxed antennae responded to 10 Ϫ4 EB, compared with ϳ50% of neurons from control antennae. The single responsive neuron may have been located in a region not exposed to the wax.
Electroantennogram studies (Fig. 1) revealed that most tested odorants, including the long-chain ketone 2-HEPT, produced normal responses in eag alleles. We tested whether responses to 2-HEPT were similarly unchanged using the loose seal procedure. As predicted from the electroantennogram studies, the proportion of neurons sensitive to 2-HEPT (10 Ϫ6 dilution) was ϳ30% in both eag and control antennae (Table 1 ). Responses to 2-HEPT appeared to be independent of responses to EB elicited in the same cell. Approximately 20% of wild-type neurons tested for their sensitivity to both EB and 2-HEPT (n ϭ 51) responded to both odorants, and most of these were inhibited by EB and excited by 2-HEPT (data not shown). None of the cells from eag antennae (n ϭ 51) could be inhibited by EB if they were excited by 2-HEPT, and there appeared to be an increase in the frequency of cells excited only by 2-HEPT (data not shown).
Dendritic K ؉ channels appeared to include Eag and may underlie most wild-type EB-induced inhibitory responses
In an attempt to understand how mutations in the putative CNmodulated K ϩ channel could affect excitatory as well as inhibi- Figure 2 . EB altered the excitability of C anton-S (lef t) and eag (right) antennal neurons. EB (10 Ϫ4 ) applied from a nearby puffer pipette during the time indicated by thick bars elicited sustained tonic increases (top), phasic-tonic increases (middle), and decreases (bottom) in action potential firing rate as determined from capacitative currents driven by action potentials. The latency for EB-induced (10 Ϫ4 ) excitatory responses was 305 Ϯ 36 msec (n ϭ 42) for combined control neurons and 250 Ϯ 24 msec (n ϭ 32) for combined eag alleles. The latency for EB-induced inhibitory responses was 255 Ϯ 35 msec (n ϭ 4) for controls and 243 Ϯ 30 msec (n ϭ 3) for combined eag alleles. There was a dose-dependent effect of EB on the latency that was significantly different at 10 Ϫ8 EB. The latencies for excitatory responses to 10 Ϫ8 EB were 381 Ϯ 52 msec (n ϭ 25) for combined controls and 379 Ϯ 50 msec (n ϭ 12) for combined eag alleles ( p Ͻ 0.05 compared with responses to 10 Ϫ4 EB, Student's t test). The latencies for inhibitory responses were also longer, but the data are not significant (controls, 345 Ϯ 88 msec, n ϭ 7; eag, 400 msec, n ϭ 1). tory EB odorant responses, we estimated the E K across the outer dendritic membrane for a population of wild-type as well as mutant antennal neurons. A dose-dependent increase in neuronal firing frequency was observed during focal application of a range of elevated external K ϩ solutions to sensillae close to the puffer pipettes (Fig. 4 A) and approximately equidistant from either end of the third antennal segment. An increase in action potential frequency was observed during application of as low as 10 mM K ϩ to sensillae (seven of seven neurons) (Fig. 4 B, top) , whereas no effect was observed from these same neurons when 10 mM K ϩ saline was applied to either the cut end of antennae (n ϭ 4) or the joint between the second and third segments (n ϭ 2) (data not shown). The effect of increased K ϩ concentrations on neuronal excitability was dose dependent (Fig. 4 B) up to 150 mM K ϩ (data not shown). At higher K ϩ concentrations, the latency for the increase in excitability was 50 -300 msec. Based on these experiments, the concentration of K ϩ in the sensillar lymph under the imposed recording conditions is Ͻ10 mM K ϩ and is probably similar to that in the bathing solution. Assuming an intracellular K ϩ concentration of ϳ140 -150 mM, it is likely that the K ϩ equilibrium potential (E K ) across dendritic membranes is more negative than the resting membrane potential (Ϫ70 mV) (Dubin and Harris, 1997) when antennae are perf used with 2.5-4 mM K ϩ saline, and that dendritic membranes have some permeability to K ϩ . A control was performed to determine whether the sensillar lymph compartment maintained its integrity in this preparation. In vivo, the fluid surrounding the dendrites in the sensillar shaft is separate from the saline surrounding the cell bodies located in the lumen of the antenna. To test whether the excitatory responses to K ϩ were caused by the leak of K ϩ from the sensillar lymph space to neuronal cell bodies, olfactory neurons were exposed to TTX (1 M) only from the sensillar space by focal application to sensillae located ϳ100 -150 m from the cut end of the third antennal segment. In no case (five spontaneously active neurons from four separate antennae) was action potential frequency reduced; however, TTX could reversibly block action potentials in these neurons when applied to the cut end of the antenna in which TTX had access to axons. To assure that the recorded neurons were housed in sensillae that were exposed to TTX, EB applied from a second pipette was shown to modulate activity in these neurons.
To test whether the increase in apparent spontaneous activity of control neurons in elevated external K ϩ concentrations required wild-type eag, 50 mM K ϩ saline was applied from a nearby puffer pipette to control and eag antennae. Consistent with the hypothesis that K ϩ channels composed of Eag subunits exist in outer dendritic membrane of some neurons, significantly fewer neurons were modulated by high K ϩ saline in eag alleles (35%, n ϭ 23; p Ͻ 0.05, 2 analysis) compared with controls (70%, n ϭ 27). The magnitude of the response to high K ϩ observed in sensitive eag neurons was similar to that of controls (data not shown).
Some wild-type EB-induced excitatory responses required extracellular Ca 2؉ and were dependent on eag Activation of a dendritic K ϩ conductance would be expected to inhibit cell excitability under the conditions used in these single neuron studies. Surprisingly, mutations in eag decreased the incidence of observing not only inhibitory responses but excitatory responses as well. It is possible that basal dendritic Eag activity could be decreased rather than increased by odorant in some cells, thus producing a depolarization and enhanced excitation. However, results using exogenously applied CN analogs (see (n ϭ 9) (n ϭ 79) (n ϭ 40) (n ϭ 4) (n ϭ 94) (n ϭ 14) (n ϭ 1) (n ϭ 53) Female controls from the eag X6 stock 6.4 Ϯ 2.5 0.57 Ϯ 0.05 50 6.7 Ϯ 1.6 0.29 (n ϭ 0) (n ϭ 12) (n ϭ 17) (n ϭ 4) (n ϭ 54) eag 1 2.7 Ϯ 0.3 0.35 Ϯ 0.05 23 5.0 Ϯ 0.7 0.14 39 4.7 Ϯ 0.8 0.55 Ϯ 0.12 38 (n ϭ 13) (n ϭ 3) (n ϭ 52) (n ϭ 12) (n ϭ 1) (n ϭ 33) (n ϭ 20) (n ϭ 2) (n ϭ 58) eag X6 2.9 Ϯ 0.7 21 7.8 Ϯ 2.3 35 N T N T (n ϭ 4) (n ϭ 0) (n ϭ 19) (n ϭ 9) (n ϭ 0) (n ϭ 26)
Mutations in eag specifically decreased the proportion of olfactory neurons responsive to the odorant EB. Odorant-induced modulation of basal activity was determined during exposure of control and eag antennae to EB (10 Ϫ6 and 10 Ϫ4 ) dilutions) and 2-HEPT (10 Ϫ6 dilution) using the loose patch recording technique. No significant difference in the magnitude of these odorant responses was observed among genotypes (Student's t test). a Values indicate the action potential frequency during the odorant response (usually Ͼ1 sec) divided by the apparent spontaneous frequency. b Values indicate the fold-increase over basal levels for tonic and phasic-tonic responses (see Materials and Methods). Phasic-tonic responses were observed most often after 10 Ϫ4 EB application in similar proportions of neurons from control and eag alleles (controls, 15%; eag alleles, 23%). NT, Not tested.
below) suggested that excitatory as well as inhibitory responses may be mediated by activation of an eag K ϩ conductance. Because a previous report indicated that Eag homomultimers expressed in Xenopus oocytes were permeable to C a 2ϩ (Bruggemann et al., 1993 ; but see Discussion), we investigated whether a Ca 2ϩ -dependent process might underlie eag-dependent excitatory responses. The C a 2ϩ permeability of endogenous Eag-containing channels in Drosophila has not been examined. We tested the hypothesis that the excitatory EB-induced responses dependent on eag were caused by C a 2ϩ influx, perhaps by C a 2ϩ acting as a third messenger to regulate downstream excitatory conductances.
Residual extracellular C a 2ϩ was chelated with EGTA, and normal divalent cation levels were maintained with Mg 2ϩ . In control and eag alleles, removal of extracellular C a 2ϩ caused an increase in both the duration of the biphasic current driven by action potentials (control, 1.9 Ϯ 0.2-fold, n ϭ 15; eag, 2.0 Ϯ 0.1-fold, n ϭ 18) and apparent spontaneous activity (control, 1.9 Ϯ 0.2-fold, n ϭ 26; eag, 1.6 Ϯ 0.2-fold, n ϭ 25).
Control C S antennal neurons, which responded to 10 Ϫ4 EB with an increased excitability in normal C a 2ϩ , (Fig. 5 , top row) were subsequently challenged with 10 Ϫ4 EB in the absence of extracellular C a 2ϩ (Fig. 5, middle row) . In C a 2ϩ -free saline compared with C a 2ϩ T yrode's solution, EB-induced excitatory responses were attenuated (Ͼ25% reduction) in ϳ75% of tested cells (20 of 26 cells) (Fig. 5) . Interestingly, the EB-induced responses from five of these cells became inhibitory when extracellular Ca 2ϩ was removed (Fig. 5, right panel ) . In all cases, the initial excitatory response was recovered after reintroduction of 3 mM Ca 2ϩ (Fig. 5, bottom row) . The odorant response of some wild-type neurons was not altered in Ca 2ϩ -free saline, indicating that removing extracellular Ca 2ϩ did not cause a general nonspecific effect (Fig. 5, left panel, middle row) .
The distribution of the severity of the effects of removing extracellular Ca 2ϩ on excitatory responses is shown in Figure 6 . A wide range of effects was observed for wild-type neurons (Fig.  6, solid bars) . The left-most column indicates those responses that became inhibitory in Ca 2ϩ -free saline (reversal to inhibitory); the remaining columns indicate the responses that were strongly attenuated (0 -24% of the control response), less strongly attenuated (25-49%, 50 -74%), and not significantly affected in 0 Ca 2ϩ saline (75-99%, 100 -124%). In rare cases, responses may have been enhanced (Ն125%).
In contrast, most of EB-induced excitatory responses in eag neurons were not significantly altered in Ca 2ϩ -free saline (Fig. 6,  hatched bars) . No eag neurons that revealed an initial excitatory response were inhibited by EB in Ca 2ϩ -free saline. The dramatic attenuation of the EB-induced response in wild-type but not eag neurons does not appear to be a nonspecific effect caused by Figure 4 . In the in situ preparation used in this study, E K across the dendritic membrane appeared to be more negative than the resting membrane potential such that activation of a K ϩ conductance would inhibit cell activity. A, Schematic of the preparation. High K ϩ salines or TTX was applied from nearby puffer pipettes while activity was recorded from third antennal segment neurons housed in focally perf used sensillae. B, Increasing millimolar concentrations of K ϩ (K ϩ replaced Na ϩ ; shown at the right) applied during the time indicated by the thick horizontal bar produced an increase in neuronal excitability (frequency of fast transient current spikes).
increased basal firing rate (likely caused by membrane depolarization) because the magnitude of the increased basal activity was similar among genotypes. Furthermore, the differential effects of 0 Ca 2ϩ on EB-induced excitatory responses observed between control and eag neurons are not likely attributable to differential Ca 2ϩ screening effects because it is unlikely that mutations in eag significantly altered the membrane composition (in particular, the negative charges) of the outer dendrite. However, the similar increase in spontaneous activity of both control and eag neurons in 0 Ca 2ϩ T yrode's solution may be attributable, in part, to the inability of Mg 2ϩ to f ully compensate for the loss of Ca 2ϩ screening.
Fewer eag antennal neurons were sensitive to exogenous CN analogs compared with wild-type neurons
The gene product from the eag locus of Drosophila contains a consensus intracellular C N-binding site (Guy et al., 1991) , and CN modulation of K ϩ currents in Drosophila muscle is altered in eag alleles (Z hong and Wu, 1993) . If endogenous C Ns mediate the modulation of Eag channels, then exogenous C N analogs should modulate wild-type cell excitability and be less effective on antennal neurons from eag mutant lines. Wild-type antennal neurons in situ were challenged with either 8-bromo-cAMP (8-Br-cAM P) or 8-bromo-cGM P (8-Br-cGM P) (usually applied at 3 mM), and each could elicit a short-latency increase in excitability ( Fig. 7A, top; Table 2 , Increase) and inhibition ( Fig. 7A, bottom ; Table 2 , Decrease). The latency for the excitatory and inhibitory responses to the C N analogs (426 Ϯ 54 msec, n ϭ 17, and 425 Ϯ 63 msec, n ϭ 4, respectively) was similar to that observed for odorant application using the identical perf usion apparatus (Fig.  2, legend) . Similar results were observed during application of each analog at 0.5 mM (data not shown). C Ns also modulated the activity of antennal neurons from eag mutants (Fig. 7B) . However, there were significantly fewer CN-modulated neurons from eag sc29 , eag X6 , and eag 1 antennae compared with controls ( Fig. 8 , Table 2 ). Significantly fewer cells were inhibited (hatched) or excited (solid) by 8-Br-cAMP (Fig. 8 A) and 8-Br-cGMP (Fig.  8 B) . Exogenously applied 8-Br-cGMP (3 mM) did not elicit responses in control neurons in antennae with wax-occluded sensillar pores (n ϭ 12), implicating the site of action at the apical dendrites.
DISCUSSION
Two principle findings are reported. First, mutations in the Drosophila eag gene encoding a distinct type of voltage-sensitive K ϩ channel that contains a consensus CNbinding domain (Guy et al., 1991) caused a specific adult olfactory mutant phenotype. Four independent eag mutant alleles, including an allele with matched controls having identical genetic backgrounds, exhibited decreased responsiveness of the main olfactory organ toward a subset of odorants. These included a shortchain ketone (2-BT), acetate esters (EB, EtAC), and an organic acid (Pro) but not long-chain ketones and acetate esters (2-HEPT, ButAC), alcohols, or benzaldehyde. Third instar larvae revealed a similar eag mutant olfactory phenotype in a behavioral assay (data not shown). Second, the Eag channel subunit appears to function in primary signal transduction events in a population of antennal neurons.
The Drosophila eag adult olfactory mutant phenotype is caused by mutations in the eag gene
Comparisons between a P-element-induced mutant allele (eag hd15 ) and revertants with identical genetic backgrounds (eag hd15-Rev2 and eag ) demonstrate that mutations in eag caused the mutant phenotype; the specific reduction of responses Figure 5 . The majority of EB-induced excitatory responses from wild-type neurons depended on extracellular C a 2ϩ . EB (10 Ϫ4 dilution, horizontal bars) induced an increase in firing in the presence of 3 mM Ca 2ϩ T yrode's solution (top row). After the removal of extracellular C a 2ϩ by bath exchange, subsequent exposure to EB (diluted to 10 Ϫ4 in Ca 2ϩ -free T yrode's solution in a separate puffer) produced three types of effects (middle row). The responses of some neurons were not altered (lef t panel ), were attenuated (center panel; example of a strongly attenuated response), and became inhibitory (right panel ) after extracellular C a 2ϩ was removed. The excitatory response recovered after return to 3 mM Ca 2ϩ T yrode's solution (bottom row). Both attenuated and reversed effects were reproducible and reversible. The shift from an excitatory to an inhibitory effect was reproduced during three repetitions of the entire protocol for the neuron shown (right panel ). Application of EB from each puffer produced similar responses in 3 mM Ca 2ϩ . The shifts in the baseline of some recordings are not stimulus dependent.
to EB, Pro, 2-BT, and EtAC. Similarly reduced electroantennogram responses were observed in three other independent eag mutant alleles (eag X6 , eag sc29 , and eag 1 ). The secondary mutations in eag X6 and eag sc29 involve different loci and are not likely to mediate the mutant olfactory phenotype. The EMS-induced eag 1 allele has a similar mutant phenotype. EB elicited dose-dependent changes in cell excitability in the range of 10 Ϫ10 to 10 Ϫ6 dilutions in both mutants and controls, and the mutant phenotype was observed in this dosage range. At higher concentrations EB elicited nonspecific effects: nearly all control and eag neurons responded to high EB concentrations (10 Ϫ1 ), a finding incompatible with odor discrimination.
The reduced EB response could be accounted for by a decrease in the proportion of neurons sensitive to odorant, with no decrease in the magnitude of the elicited responses. Responses to 2-HEP T were similar to eag and controls. Data from experiments that investigated the dual responsivity of individual neurons to EB and 2-H EP T in wild-type and eag alleles argue against the specific death of a population of EB-sensitive neurons in eag antennae. Although 20% of wild-type neurons were responsive to both odorants and the proportion of neurons sensitive to 2-HEPT was similar in eag and control antennae, no eag neurons were sensitive to both odorants.
An olfactory mutant phenotype similar to eag has been reported for Sco (Dubin et al., 1995) and ota3, ota4, and ota5 (Woodard et al., 1989) mutants. In particular, Sco mutants reveal a decreased sensitivity to short-chain acetates and ketones (but not BZ), and the ota mutants have reduced sensitivity toward EtAC and Pro (but not BZ). However, specific defects in responsiveness toward BZ are revealed in another group of mutants [ptg ; olfA, olfB, and olfF (Ay yub et al., 1990); and smi (Anholt et al., 1996) ]. Thus, odorant transduction likely occurs via diverse pathways in Drosophila.
Eag subunits appear to mediate transduction of the odorant EB
A population of eag antennal sensory neurons appears to be insensitive to a subset of odorants. Is this mutant phenotype caused by a defect in a signal transduction component (Eag channel subunits)? In support of this, Eag K ϩ channels appear to be located on the outer dendrites of antennal neurons. Two-thirds of wild-type neurons exhibited an increased excitability on focal exposure of sensillae to elevated K ϩ , but only half as many eag neurons were stimulated. Focally applied TTX had no effect on spontaneous activity, indicating that the effect of elevated external K ϩ concentrations was not attributable to leakage of K ϩ from the sensillar lymph to the antenna lumen containing neuronal somata. Experiments aimed at determining the sensillar K ϩ concentration revealed values Ͻ10 mM K ϩ under our recording Figure 6 . The distribution of C a 2ϩ -dependent effects on control excitatory EB responses required a wild-type eag gene. Plotted is the percentage of neurons revealing different degrees of C a 2ϩ -dependent EB responses (bins of 25% on abscissa). The distributions of the effects on control (solid bars; n ϭ 26) and eag (hatched bars; n ϭ 23) responses were significantly different ( p Ͻ 0.0005, 2 analysis). To obtain the percentage of control EB-induced response for each neuron tested, the magnitude of the EB-induced response was calculated in C a 2ϩ -free saline and divided by the magnitude observed in 3 mM Ca 2ϩ T yrode's solution. In most cases the effect of Ca 2ϩ -free saline was f ully reversible; in cases revealing slight rundown of the EB-induced effect, the control value was taken as the averaged EB responses observed in 3 mM Ca 2ϩ T yrode's solution before and after exposure to 0 C a 2ϩ saline (EB was applied at least twice before and after exposure of antennae to C a 2ϩ -free saline at 45 sec intervals). Figure 7 . Membrane-permeant cyclic nucleotide analogs rapidly modulated wild-type ( A) and eag ( B) neuronal excitability. 8-Br-cAMP (3 mM, lef t panel ) and 8-Br-cGM P (3 mM, right panel ) usually increased action potential frequency with latency Յ800 msec (73% of the responses). The latencies of responses were combined for all genotypes because they were similar. 8-Br-cAM P produced excitatory and inhibitory responses with latencies of 483 Ϯ 75 msec (n ϭ 11) and 400 Ϯ 0 msec (n ϭ 2), respectively. 8-Br-cGM P produced excitatory and inhibitory responses with latencies of 445 Ϯ 57 msec (n ϭ 11) and 376 Ϯ 120 msec (n ϭ 3), respectively.
conditions. Assuming a high intracellular K ϩ concentration, the activation of a dendritic K ϩ conductance would be inhibitory. Consistent with this, fewer eag neurons were inhibited by EB compared with matched controls.
A second line of evidence that Eag plays a role in initial odor transduction derives from the observed differential effects of exogenously applied C Ns in eag and control neurons. The incidence of observing short-latency excitatory and inhibitory responses to exogenous membrane-permeable CN analogs (8-BrcAMP and 8-Br-cGMP) was significantly reduced in eag alleles compared with controls. A similar decrease in the percentage of responsive neurons was observed for EB and CNs (compare Figs. 3, 8) . One report describing CN-induced increases in Eag currents expressed in Xenopus oocytes (Bruggemann et al., 1993) has not been reproduced (Robertson et al., 1996) ; however, the latter study indicated that subtle changes in voltage dependence may not have been detected because of channel rundown. Because olfactory receptor neurons are very sensitive to small fluctuations in membrane currents because of their high membrane resistance (Lynch and Barry, 1989) , small changes in Eag currents by CNs might substantially alter membrane potential. Although these data suggest the involvement of CNs in the modulation of Eag channel activity in vivo, CNs may act as odorants and modulate pathways used by a subset of odorants, including EB. Comparisons of responses induced by structurally dissimilar CN analogs may provide insights into this issue.
Interestingly, some CN-induced responses did not depend on eag. CNGCs may underlie the response to CN analogs in cells distinct from those affected by eag mutations. CNGCs with homology to vertebrate channels are expressed in Drosophila antennae (Baumann et al., 1994) , but their cellular location and presumptive role in olfactory transduction are unknown. In C. elegans, CNGC channels are expressed in only a subset of chemosensory cells, subserving the transduction of a subset of odorants (Coburn and Bargmann, 1996; Domatsu et al., 1996) .
There were significantly fewer EB-induced excitatory responses in eag mutants, indicating that mutations in eag affect a pathway leading to excitation in some, but not all, neurons. Most wild-type excitatory responses required extracellular Ca 2ϩ , and some became inhibitory in the absence of extracellular Ca 2ϩ , consistent with unmasking an underlying inhibitory conductance. This striking effect was not observed in eag neurons. These results are consistent with the existence of a Ca 2ϩ -dependent process in wild-type flies that is lacking in eag alleles. The initial electrophysiological characterization of Eag currents reported that Eag homomultimers expressed in Xenopus oocytes were permeable to Ca 2ϩ Figure 8 . Significantly fewer C N-induced inhibitory and excitatory responses were observed in eag mutants. The percentage of neurons responding to either 8-Br-cAM P (A) or 8-Br-cGM P (B) (each at 3 mM) with excitatory (solid bars) or inhibitory (hatched bars) responses is shown for the genotype indicated. Significant differences between all eag alleles (combined; n ϭ 54 and 91) and combined controls (n ϭ 62 and 124) were observed for the proportions of C N-sensitive cells ( p Ͻ 2 ϫ 10 Ϫ6 and p Ͻ 0.005 for 8-Br-cAMP and 8-Br-cGM P, respectively) as well as the proportions of inhibitory responses [ p Ͻ 0.05, for either 8-Br-cAM P or 8-Br-cGMP, 2 analysis (Z ar, 1996)]. 
Mutations in eag decreased the proportion of olfactory neurons responsive to membrane-permeant cyclic nucleotide analogs. Cyclic nucleotide-induced modulation of basal activity was determined in loose patch recordings during exposure of control and eag antennae to either 8-Br-cAMP (3 mM) or 8-Br-cGMP (3 mM). No significant difference in the response magnitude was observed among genotypes, when comparisons were made between each control and eag allele separately, or between combined controls and eag alleles (Student's t test). Although the average eag sc29 response was larger than that for controls, and the average eag X6 response was smaller than the control value, individual values were within the range observed for control neurons. (Bruggemann et al., 1993) . In vertebrates, Ca 2ϩ influx through CNGCs and subsequent activation of Ca 2ϩ -dependent chloride currents is largely responsible for altering membrane excitability (Kleene, 1993; Kurahashi and Yau, 1993; Lowe and Gold, 1993; Frings et al., 1995) . A more recent study of Eag homomultimers expressed in Xenopus oocytes was unable to detect significant Ca 2ϩ influx (Robertson et al., 1996) ; however, subtle Ca 2ϩ permeabilities below the limit of detection may have profound in vivo effects, and the subunit composition (Chen et al., 1996) and functional properties of Eag-containing channels in vivo may differ from those in heterologous expression systems (Zagotta et al., 1989) . Thus, a third line of evidence supporting the role of Eag in initial transduction events is provided by the effects of eag mutations on Ca 2ϩ -dependent excitatory EB responses. Alternatively, eag may indirectly affect the expression of olfactory neuron identity by increasing synaptic activity during development and retrogradely impacting the expression of the repertoire of signal transduction components (Farbman, 1994) . However, whereas hyperexcitable Shak er eag and Hyperk inetic eag double mutants show striking morphological and f unctional abnormalities at peripheral synapses (Ganetzky and Wu, 1986; Budnik et al., 1990; Jia et al., 1993; Z hong et al., 1992) , no detectable effect on neuromuscular junction morphology was reported for eag larvae lacking the second mutation (Budnik et al., 1990; Z hong et al., 1992) . However, central synapses may be more susceptible to activity-dependent developmental effects than the neuromuscular junction because of their lower safety factor for neurotransmission. Any developmental defect must account for a mutant phenotype in which (1) fewer neurons are excited by elevated K ϩ concentrations, (2) fewer neurons are responsive to exogenous C Ns and a subset of odorants in similar proportions, (3) responses of fewer neurons are dependent on external C a 2ϩ , and (4) in the absence of external C a 2ϩ , no excitatory odor responses become inhibitory. Although we cannot rule out the possibility of a developmental effect, the data are consistent with Eag mediating the transduction of a subset of odorants.
To mediate odor transduction, Eag must be expressed in outer dendrites. The localization of Eag subunits to dendrites will require immunohistochemical staining using a specific antibody, blocking Eag currents with specific antagonists (neither reagents are available), or electrophysiological access to dendritic currents (which has not yet been possible). Whole-cell odor-modulated conductances have been recorded from Drosophila antennal neurons (Dubin and Harris, 1997) ; however, the rarity of obtaining successf ul recordings prohibits this approach. E xcised somata patches may reveal Eag-containing channels; however, not all ion channels expressed on soma are expressed in outer dendrites (McClintock and Ache, 1989) .
In conclusion, Eag channel subunits may mediate the transduction of a subset of odorants in a population of Drosophila antennal neurons in a C N-and C a 2ϩ -dependent manner. Eag may be the first K ϩ channel described in olfactory neurons that has the potential, when activated, to influence cellular activity dependent on the extracellular sensillar environment (e.g., C a 2ϩ ) and dendritic expression of downstream effectors.
